Cell differentiation is usually accompanied by irreversible cell cycle exit, which is a critical step for skeletal muscle differentiation. We therefore hypothesise that PD98059 that blocks the MAP kinase kinase (MEK) pathway (proliferation pathway) when administrated to murine C2 skeletal myoblasts will arrest cell cycle and, consequently, enhances differentiation relative to untreated controls. In this study, we aimed to examine this hypothesis using phenotypic differentiation, biochemical assays, flow cytometry and real-time PCR in C2 cells cultured for 48 h in differentiation media only (untreated) or supplemented with either a single dose of 10 ng/ml IGF-I or 20 mM PD98059 for 48 h. Creatine kinase (CK) activity was increased by 7 . 5-fold (P!0 . 05) in the presence of PD98059, whereas untreated and IGF-I-treated cells induced 4 . 5-and 4-fold increase respectively when compared with baseline controls. Increased CK values in the presence of PD98059 were not only associated with myotube formation but also associated with cell cycle arrest in G1 phase (86G3 . 2%; P!0 . 05). Moreover, the expression of myogenic-specific transcriptional factor mRNAs (MyoD and myogenin) was significantly higher in PD-treated cells (4 . 7G0 . 15 and 314G10 . 2 ng/reaction respectively; P!0 . 05) than untreated (2 . 0G0 . 2 and 233G11 ng/reaction respectively) or IGF-treated cells (3 . 2G0 . 24 and 296G16 . 2 ng/reaction respectively). Unexpectedly, Id3 mRNA, the potent negative regulator of muscle differentiation, was also expressed at significantly higher levels in PD-treated cells (77G0 . 346 ng/reaction; P!0 . 05) than untreated (49G7 . 7 ng/reaction) or IGF-I-treated cells (47G0 . 7 ng/reaction). Furthermore, expression of the muscle differentiation-specific genes (IGF-binding protein-5, IGF-II receptor and IGF-II) was also increased significantly in PD-treated cells when compared with untreated cells. Phosflow analysis showed a significant increase in the levels of phosphorylation of p38 mitogen-activated protein kinase (49 . 0G6 . 7%, P!0 . 05) in PD-treated cells when compared with DM-treated cells (31 . 7G5 . 7%). These findings uncover a previously unconsidered positive effect of PD98059 on C2 myoblast differentiation and identify the pathway(s) underlying PD-induced C2 myoblast differentiation.
Introduction
Skeletal muscle is derived from pluripotent mesodermal stem cells through a multistep process including the commitment to myogenic precursors and their subsequent proliferation and differentiation (Rawls & Olson 1997) . Skeletal muscle differentiation is a highly ordered process and elucidates the temporal relationships among the events that govern the transition from the proliferation to the terminally differentiated myoblast. These events are 1) entry of myoblasts into the differentiation pathway and activation of muscle-specific genes (muscle contractile protein) by myogenic proteins, 2) irreversible cell cycle exit (indicated by expression of p21), 3) phenotypic differentiation and 4) myoblast fusion resulting in myotube formation (Buckingham 1992 , Edmondson & Olson 1993 , Weintraub 1993 , Andres & Walsh 1996 . In addition, skeletal muscle differentiation requires several growth factors, such as insulin-like growth factor-I (IGF-I), IGF-II, hepatocyte growth factor and basic fibroblast growth factor, that mediate their biological effects through various intracellular signalling cascades, such as Janus kinase/signal transducers and activators of transcription, Ras/mitogenactivated protein kinase (MAPK) and phosphatidylinositol 3-kinase (Coolican et al. 1997 , Rommel et al. 1999 , Wu et al. 2000 . The extracellular signal-regulated kinase (ERK) pathway is the cascade most often associated with signalling mechanisms involved in cell proliferation and cell cycle progression but more recently also in apoptosis (Johnson & Lapadat 2002) . A potent method to determine the biological effects of cellular signalling pathways is to use selective inhibitors to block specific pathways. Generally, protein kinase inhibitors are competitive with ATP and are believed to interact within ATP-binding sites of their target protein kinases, which makes these inhibitors less specific (Davies et al. 2000) . By contrast, PD98059 agent blocks ERK activity by inhibiting activation (phosphorylation) of MEK by Raf-1, conferring some specificity to PD98059 (Alessi et al. 1995) . Since cell cycle arrest is a critical step for skeletal muscle differentiation and PD98059 induces G1 cell cycle arrest in many cell types (Hoshino et al. 2001 , Moon et al. 2007 , we therefore hypothesise that administration of PD98059 to C2 skeletal myoblast cultures may enhance cell differentiation relative to controls. The purpose of the present study described herein was to examine a potential positive role for PD98059 in myoblast differentiation. The results from this study demonstrate that PD98059 induces increased cell differentiation compared with IGF-I, a potent myogenic factor (Florini et al. 1996) , in untreated cells. This novel finding was confirmed by increased creatine kinase (CK) activity and morphological differentiation, which was indicated by myotube formation. We have also examined the effect of PD98059 not only on the expression levels of myogenic transcriptional factor mRNAs (myogenin and MyoD) but also on mRNAs for IGF system components, which are vital for C2 differentiation. These mRNAs include IGF-II, IGF-II receptor (IGF-IIR), IGF-binding protein-5 (IGFBP-5) and IGF-IR. Furthermore, the involvement of p38 MAPK in these settings was also investigated. These interesting data begin to examine and address the molecular mechanisms by which PD98059 enhances myoblast differentiation and the signalling pathways involved in this process.
Materials and Methods

Materials
All chemicals and reagents, unless otherwise stated, were purchased from Sigma. All cell and tissue culture media and supplements were purchased as sterile or were filter sterilised through a 0 . 20 mm filter. Heat-inactivated (hi) fetal bovine serum (FBS) and hi new born calf serum (NCS) were purchased from Gibco, hi horse serum (HS) was from TCS Biosciences (Corby, England), Penstrep (penicillin and streptomycin) and trypsin from Bio Whittaker (Wokingham, England), L-glutamine from BDH (Poole, England) and gelatine and phorbol-12-myristate-13-acetate (PMA) from Sigma. Recombinant human IGF-I was obtained from GroPep (Adelaide, Australia), PD98059 and SB202190 inhibitor -dimethyl sulphoxide (DMSO) dissolved -were purchased form Calbiochem (Nottingham, UK) and CK assay kits from Catachem (Bridgeport, CT, USA). Phosflow reagents, anti-phospho-ERK1/2 (T202/Y204) PE-conjugated anti-phospho-p38 MAPK (T180/Y182), PE-conjugated BD Phosflow fix buffer and BD Phosflow Perm Buffer III were ordered from Becton Dickinson (BD, Oxford, UK).
Cell culture
C2 mouse skeletal myoblasts (Yaffe & Saxel 1977) were grown in a humidified 5% CO 2 atmosphere at 37 8C in a growth medium (GM) composed of Dulbecco's modified Engle's meduimn (DMEM) with GlutaMAX supplemented with 10% FBS, 10% NCS, penstrep and L-glutamine, at final concentrations of 10 000 U/ml and 2 mM respectively, until 80% confluence was attained. Experiments and differentiation were initiated following washing with PBS, by transferring to low serumcontaining differentiation medium (DM; DMEM plus GlutaMAX, supplemented with 2% HS, penstrep and L-glutamine (supplemented as above)) in the presence or absence of specific triggers. These cells are able to undergo spontaneous differentiation into myotubes on serum withdrawal and do not require growth factor addition to stimulate the process.
Cell treatments
Six-well plates were pre-coated with 0 . 2% gelatine for 5 min at RT and the cells were plated at a density of 1!10 5 cells/ml in the GM to attain confluence the following day. Then the cells were washed twice with PBS and DM was added to the cells that were incubated for 30 min at 37 8C (this time point was denoted time 0, T 0 ) prior to further treatments for up to 48 h. The cells were cultured for 48 h in DM only (untreated) or DM supplemented either with 10 ng/ml IGF-I (potent myogenic factor) or with 20 mM PD98059. The concentrations of PD98059 and IGF-I, which were used in the present study, were optimised by our group previously (Stewart et al. 2004) .
CK assay
After 48 h with different treatments, cells were lysed in 200 ml TMT buffer (50 mM Tris-MES (pH 7 . 8), 1% Triton X-100), and CK was measured using a commercially available kit (Catachem). Absorbance was measured at 3, 4 and 5 min at 340 nm and changes in absorbance/minute and CK activity were then calculated and normalised to total protein concentration as determined by BCA protein assay, according to the manufacturer's instruction.
Phenotypic differentiation
Morphological parameters of differentiation, alignment, elongation and fusion were assessed by cell imaging system at 20! magnification at 48 h (Leica Microsystems, Milton Keynes, UK, DMI 6000 B).
Phosflow analysis of ERK and p38 protein phosphorylation levels
Phosphospecific flow cytometry, which is a powerful tool to analyse and measure the levels of intracellular phosphoproteins (Krutzik & Nolan 2003) , was used in the present study. At the end of the cell treatments, the cells were rapidly detached using trypsin-EDTA buffer and fixed immediately by adding equal volume of pre-warmed BD Phosflow fix buffer. The cells were then incubated at 37 8C for 15 min followed by washing twice with cold PBS by centrifugation at 250 g for 10 min. Immediately after washing, the cells were permeabilised by adding cold BD Phosflow Perm Buffer III and incubated for a minimum of 30 min at K20 8C. Finally, the cells were washed twice with staining buffer in 1! PBS, 1% FBS and 0 . 09% sodium azide for 10 min by centrifugation at 200 g and resuspended in staining buffer at a concentration of 1!10 6 cells/ml. To each tube were added 20 ml antiphospho-ERK1/2 and anti-p38 antibody. The cells were then subjected to Phosflow analysis using FACSCalibur (BD). Percentage of positive cells for phosphorylated ERK protein was calculated by dividing the median fluorescence intensity (MFI) of each sample by MFI of PMA-treated cells!100%.
DNA content and cell cycle analysis
After 48-h incubation under the conditions described previously, cells were harvested using trypsin-EDTA buffer. The cells were washed twice with PBS by centrifugation at 200 g for 10 min. The pellets obtained were resuspended in 5 ml of 75% ethanol. After overnight incubation at -20 8C, the cells were washed twice with ice-cold PBS by centrifugation at 200 g for 10 min, and then resuspended in 0 . 5 ml PBS followed by the addition of 10 ml propidium iodide (50 mg/ml) and 50 ml RNase (60 mg/ml). Following overnight incubation at 4 8C, DNA content was measured on FACSCalibur flow cytometer (BD) and analysed using Cell Quest (BD) and FlowJo software packages.
Primer design and synthesis
Optimal primer designs are essential to ensure that only a single PCR product is amplified in particular in real-time PCR-based SYBR Green. We therefore used web-based software from Invitrogen to design our primers ( Table 1) that were further analysed by Sigma-Genosys software. The primers were designed to yield products spanning exonintron boundaries to prevent any possible genomic DNA contamination from total RNA isolation. Sequence homology searches against the database of GenBank showed that these primers matched only the sequence to which they were designed. The primers were synthesised by SigmaGenosys, which are compatible with real-time PCR without further purification.
Quantitative real-time PCR and data analysis RNA was extracted using the TRIzol method, according to the manufacturer's instructions (Invitrogen) and 30 ng RNA was used per reaction. Real-time PCR amplifications were carried out using SYBR Green One-Step qRT-PCR and Chromo4, according to the manufacturer's instructions (BioRad). In brief, real-time PCR was performed by the following cycles: 50 8C for 10 min (for cDNA synthesis), 95 8C for 5 min (transcriptase inactivation), followed by the cycling parameters of 95 8C for 10 s and 60 8C for 30 s for 40 cycles. At the end of the 40 cycles, dissociation curve (melting curve) analyses were performed by the following protocol:
heat at 55 8C for 1 sec and measure fluorescence every 0 . 5 8C until 95 8C to confirm specific amplification. Standard curve was generated by a fivefold serial dilution from total RNA at a concentration 500 ng to 5 pg to amplify the housekeeping gene RNA polymerase IIa (RPIIa). To confirm that changes in the genes of interest following the different culturing time points and treatments are not due to RNA quality or quantity, RPIIa was amplified in all samples at each time point (Radonic et al. 2004) . The Bio-Rad MJ Opticon Monitor software version 3.1 was used to analyse the data of the realtime PCR. Using the data from samples designated as standard points with assigned concentration numbers, an arbitrary threshold level is set and C t values for all PCR samples are calculated, allowing generation of a standard curve by which the concentrations of all unknown samples were derived and averaged among replicates. 
Statistical analysis
Statistical analysis and the significance of the data were determined using SPSS software version 12.0. Statistical significance was determined using one-way ANOVA with multiple post hoc analyses. Results are presented as meanGS.D. and are considered statistically significant when P!0 . 05 against appropriate controls.
Results
PD98059 blocks phosphorylation of phospho-ERK protein
The main purpose of the present study is to examine a possible role that PD98059 may play in myoblast differentiation. Since PD98059 is dissolved in DMSO, primary experiments were initiated comparing DM-treated with DM-DMSO-treated cells to rule out any possible effect of DMSO on myoblast differentiation. The data from all the experiments were comparable between the two treatments and confirm that DMSO has no effect on myoblast differentiation (data not shown).
As an essential first step towards evaluating a potential role of PD98059 in myoblast differentiation, we analysed the phosphorylation events of ERK protein in the different cell treatments using phosphoprotein flow cytometry to confirm the blockade of the ERK pathway. To validate the methodology of phosphoprotein flow cytometry, stimulation with PMA, which induces strong phosphorylation of ERK, was included as a positive control. In this experiment, IGF-I, which is a unique potent mitogenic and myogenic factor, was also included (Florini et al. 1996) . We found that myoblasts under basal or IGF-stimulated conditions were 77G8 . 6 and 69G7% positive for phosphorylated ERK protein respectively (Fig. 1A and B) , whereas the cells stimulated with PMA for 10 min were 92G 2 . 5% positive for phosphorylated ERK protein (Fig. 1C) .
However, PD-treated cells showed insignificant phosphorylation of ERK protein (2 . 3G0 . 6%, Fig. 1D ), which indicates that the ERK pathway was effectively blocked.
PD98059 induces CK activity and morphological differentiation
Morphological and biochemical studies were performed to examine our hypothesis that PD98059 may induce C2 cell differentiation. DM and IGF-I were included in this study as positive controls for promoting cell differentiation. Photomicrographs were taken prior to harvesting the cells at 48 h for CK assay. CK activity increased significantly (P!0 . 05) and variably by 4-, 4 . 5-and 7 . 5-fold in the presence of DM, IGF-I and PD98059 respectively, when compared with baseline levels of T 0 control cells (Fig. 2A) . Furthermore, when PD98059 treatment was compared with DM at 48 h, PD98059 elicited a significant (P!0 . 05) twofold increase in CK activity. These biochemical findings were supported morphologically whereby the most prominent differentiation and myotube formation are evident in the PD-treated cultures at 48 h (Fig. 2B ).
PD98059 does not enhance DM-induced cell cycle arrest at 48 h G1 cell cycle arrest is a critical step for skeletal muscle cell differentiation; to investigate whether PD98059 arrested the cell cycle in G1 phase to promote cell differentiation, flow cytometry was used. T 0 cells were included in this experiment as a control for highly proliferative cells. Myoblasts at T 0 show a typical cell cycle of highly proliferative cells with 53% (G5 . 9%) in G1 and 44% (G7 . 4%, Fig. 3A ) in S-G2/M phase. However, when the cells were cultured for 48 h with DM or IGF-I (differentiation conditions), the proportion of proliferating cells in S-G2/M phases decreased in both cultures to 11G2 . 9% (Fig. 3B ) and 16G1 . 69% (Fig. 3C) respectively. Similarly, PD-treated cells showed a typical cell cycle phase of differentiating cells where the majority of the cells were arrested in G1 (86G3 . 2%) with only small numbers present in S-G2/M (12 . 5G3 . 4% (Fig. 3D) ).
PD98059 activates transcription of myogenic regulatory factors
Myogenic regulatory factors (MRFs) (myogenin and MyoD) are known to control myoblast differentiation (Molkentin & Olson 1996 , Venuti & Cserjesi 1996 ; therefore to examine whether PD98059 upregulates the transcription of these factors to enhance cell differentiation, real-time PCR was performed. Our real-time PCR data were validated using individual standard curve that showed correlation coefficients of w1 . 0 (0 . 990) and the melting (dissociation) curves of these data exhibit a sharp clean peak. This result indicates that the products are specific, and that SYBR Green I fluorescence is a direct measure of accumulation of the product of interest (data not shown).
The expression levels of the control housekeeping gene (mRNA RPIIa) in all treatment groups was between 6-8G 0 . 05 ng/reaction (PZNS; data not shown). Real-time PCR further showed that treatment of myoblasts with IGF-I for 48 h elicited 60G21% increase in MyoD and 19G9% increase in myogenin expression, compared with untreated controls (Fig. 4) . PD98059 led to a significant increase in MyoD (4 . 7G0 . 2 ng/reaction, P!0 . 05; Fig. 4 , white bars) and myogenin (314G10 . 2 ng/reaction, P!0 . 05; Fig. 4 , grey bars) mRNA levels compared with T 0 control cells (2 . 0G0 . 2 and 233G11 . 4 ng/reaction, respectively; Fig. 4 , white and grey bars). PD98059 still elicited significant increases in each of these mRNAs (135G8% in MyoD and 16G7% in myogenin) when compared with DM.
Myoblast differentiation is also regulated by an inhibitor of differentiation gene 3 (Atherton et al. 1996 , Arnold & Winter 1998 , Wu & Lim 2005 . We therefore tested whether PD98059 blocks the expression of Id3 mRNA to enhance differentiation. As expected, the expression level of Id3 Figure 2 Biochemical and morphological effects of PD98059 on C2 myoblasts. C2 myoblasts were cultured with DM only or DM supplemented with either 10 ng/ml IGF-I or 20 mM PD98059. At the end of the cell treatments (48 h), the cells were subjected either to (A) CK assay or to morphological studies to observe myoblast fusion and myotube formation in (BI) T0 control, (BII) DM-, (BIII) IGF-and (BIV) DP-treated cells. T0 was also included as control for highly proliferating cells. Calculated CK activity was normalised to total protein concentration as determined by BCA protein assay. CK data present the meanGS.D. of the treatments performed four times. Absolute mRNA levels of transcriptional factors with regulatory roles in muscle differentiation. C2 myoblasts were cultured in DM only or DM supplemented with either 10 ng/ml IGF-I or 20 mM PD98059 for 48 h. T0 was also included as control for highly proliferating cells. Total RNA was extracted from cells, and 30 ng from each sample was used to perform real-time RT-PCR. Standard curve was used to calculate the absolute concentration and expression of target genes MyoD (white bars), myogenin (grey bars) and Id3 (black bars) based on DC t values. These data present the meanGS.D. of the treatments performed three times in triplicate.
mRNA was reduced significantly (P!0 . 05) to 36G0 . 4 and 40G0 . 7 ng/reaction in DM-and IGF-I-treated myoblasts respectively, when compared with T 0 (49 . 8G7 . 4 ng/reaction, black bars). Unexpectedly, PD-treated myoblasts showed significantly increased levels of Id3 mRNA (77G0 . 4 ng/ reaction) when compared not only with T 0 control cells but also with DM or IGF-I treatments (Fig. 4, black bars) .
PD98059 stimulates mRNA expression of the IGF-I system
To further explore the specificity of PD98059 in myoblast differentiation, we examined the mRNA expression profiles of the IGF system components (IGFBP-5, IGF-IIR, IGF-IR and IGF-II), known to have regulatory roles in muscle cell growth and differentiation. Once again the expression levels of the housekeeping gene RPIIa mRNA were comparable among all treatments (6-8G0 . 3-0 . 5 ng/reaction (PZNS; data not shown). Real-time PCR data analyses showed that all treatments (DM, IGF-I and PD) led to approximately twoand threefold increases (P!0 . 05) in expression levels of IGFBP-5 and IGF-IIR mRNAs respectively compared with T 0 control cells (Fig. 5 , grey and white bars). There was no significant difference between DM, IGF or PD98059. Similarly, there was no significant difference in IGF-IR mRNA expression between all cell treatments including T 0 (data not shown). However, dramatic increases of five-, sixand tenfold were obtained in IGF-II mRNA expression in DM-, IGF-I-and PD-treated cells respectively, when compared with the expression levels of T 0 (Fig. 5, black  bars) . Furthermore, when compared with DM or IGF-I, PD98059 still elicited significant increases (P!0 . 05) in IGF-II mRNA expression.
PD98059 induces myoblast differentiation through p38 MAPK activation
The involvement of MAPKs in osteoclast differentiation has recently been studied using specific inhibitors of MAPK-ERK (MEK) and p38 (Matsumoto et al. 2000 , Lee et al. 2002 , Wei et al. 2002 . Moreover, it was reported that PD98059 may promote and accelerate osteoclast differentiation through the inhibition of ERK and activation of p38 MAP kinase pathway (Hotokezaka et al. 2002) . To examine this proposed mechanism, p38 MAPK phosphorylation levels were determined in all cell treatments using anti-phospho-p38. PMA-treated and T 0 cells (unstimulated and unstained cells) were used as positive and negative controls respectively. The analysis of p38 phosphorylation by flow cytometry revealed that myoblasts under basal conditions (DM-treated cells) were 31 . 7G5 . 7% positive for phosphorylated p38 protein, whereas 88 . 7G3 . 4 and 0 . 7G0 . 3% of the cells stimulated with PMA for 10 min and the negative control respectively were positive for phosphorylated p38 protein (Fig. 6A) . Interestingly, PD-treated cells showed a significant increase in the levels of phosphorylation of p38 protein, by 49 . 0G6 . 7% (P!0 . 05), when compared with basal control (31 . 7G5 . 7%, Fig. 6A ). To ascertain whether p38 plays an important role in PD-induced myoblast differentiation, the cells were treated with an inhibitor to p38 MAPK (SB202190) in association with PD98059 and compared with basal control (DM-treated cells). An initial dose-response experiment (0 . 5-16 mM) for SB202190 was performed to ascertain an ideal working concentration; 8 mM SB202190 was determined as the optimal concentration based on cell morphology, CK assay and flow cytometry data (data not shown). Morphological and biochemical studies were performed on these treatments to further confirm the involvement of p38 in our model. Photomicrographs were taken prior to harvesting the cells at 48 h for CK assay. CK activity decreased significantly (P!0 . 05) by 30G42 and 50G9% in the presence of the combined inhibitors and p38 inhibitor respectively, when compared with baseline control levels of cells DM-treated cells (Fig. 6B ). These biochemical findings were supported morphologically whereby the differentiation and myotube formation were blocked in the presence of either SB202190 or combined MEK and p38 inhibitors when compared with DM-treated cells (Fig. 6C) , with the most prominent differentiation and myotube formation being evident in the PD-treated cultures at 48 h (Fig. 6C) .
Discussion
Skeletal muscle differentiation is a highly ordered process requiring myoblast proliferation followed by cell cycle arrest, expression of muscle-specific regulatory factors and the synthesis of muscle contractile proteins, resulting in fusion of mononucleated myoblasts into terminally differentiated multinucleated myotubes (Andres & Walsh 1996) . Figure 5 Absolute mRNA levels for muscle-specific genes with regulatory roles during muscle differentiation. C2 myoblasts were cultured in DM only or DM supplemented with either 10 ng/ml IGF-I or 20 mM PD98059 for 48 h. T0 was also included as a control for highly proliferating cells. Total RNA was extracted from cells, and 30 ng from each sample was used to perform real-time RT-PCR. Standard curve was used to calculate the absolute concentration and expression of target genes IGFBP-5 (grey bars), IGF-IIR (white bars) and IGF-II (black bars) based on DC t values. These data present the meanGS.D. of the treatments performed thrice in triplicate. *P!0 . 05 versus T 0 .
N AL-SHANTI and C E STEWART . PD98059 induces C2 myoblast differentiation
The pharmacological inhibitor PD98059 has been widely utilised to infer a physiological role for MEK1/2 MAP kinase and its downstream effector MAP kinase (ERK1/2) and also routinely used to implicate ERK1/2 signalling in many different settings (Favata et al. 1998 , Kultz et al. 1998 , Davies et al. 2000 , Galvin et al. 2003 . The results presented here provide important evidence that long-term experiments (48 h) with PD98059 promote extensive myoblast differentiation and support previous data that showed PD98059 enhanced differentiation of mouse cultured primary skeletal myoblasts (Galvin et al. 2003) . These studies thus uncover a novel role of this widely used MEK inhibitor with important physiological consequences.
The effectiveness of PD98059 in blocking the ERK pathway was confirmed using phosphoprotein flow cytometry (Krutzik & Nolan 2003) and a phosho-specific antibody against ERK1/2 protein. In association with this blockade in ERK phosphorylation and consistent with results of previous studies reporting that CK is strongly induced in differentiating myoblasts (Meadows et al. 2000 , Foulstone et al. 2001 , we also observed increased CK values in all treatments when compared with T 0 cells. However, the maximal CK activity was obtained in PD-treated cells, which indicates extensive cell differentiation over and above that observed with DM or IGF-I treatment. These biochemical findings support the morphological studies where myotube formation was seen in the presence of PD98059 but to a lesser extent in the presence of IGF-I at 48 h. IGF-I is known as a unique proliferation and differentiation promoter of myoblasts (Ewton et al. 1994 , Florini et al. 1996 , Coolican et al. 1997 , Miller et al. 2000 , Singleton & Feldman 2001 . Therefore, the enhanced differentiation (both biochemical and morphological) in the presence of PD98059 versus IGF-I is potentially highly relevant when studying the regulators of enhanced myotube formation.
Recent studies have reported that PD98059 induces cell cycle arrest in G1 phase (Yamaguchi et al. 2002 , Koyama et al. 2007 , Moon et al. 2007 , Zheng et al. 2007 , which is a critical step for skeletal muscle differentiation to progress (Halevy et al. 1995 , de la Serna et al. 2001 . Although G1 cell cycle arrest, a prerequisite for differentiation, was comparable among treatment groups within our study, it does not define the subsequent mechanisms of actual differentiation, which could be different between treatments. This was indeed the case, as was confirmed by determining the expression levels of myogenin, MyoD, Id3 (key MRFs), IGF system components (key survival and differentiation factors) and p38 phosphorylation.
To this end, we wished to establish whether PD98059 was capable of altering the expression of the MRFs and thus increasing differentiation. We therefore investigated the effect Figure 6 Phosflow analysis of p38 phosphorylation levels and biochemical and morphological effects of combined MEK and p38 MAPK inhibitors on C2 myoblasts. C2 myoblasts were cultured with DM only or DM supplemented with either 20 mM PD98059, 8 mM SB202190 or 20 mM PD98059/8 mM SB202190 (combined inhibitors). At the end of the cell treatments (48 h), the cells were subjected either to (A) Phosflow analysis, (B) CK assay and (C) morphological studies. Phosflow analysis of p38 protein phosphorylation was carried out as described in Fig. 1 , and the proportions of positive cells for phosphorylated p38 are indicated in histographs. The CK assay and the morphological studies to observe myoblast fusion was performed as described in Fig. 2 . p38 protein phosphorylation data present the meanGS.D. of the treatments performed four times. *P!0 . 05 versus DM-treated cells. Representative photomicrograph of random fields from four independent experiments, CK data present the meanGS.D. of the treatments performed four times. *P!0 . 05 versus DM.
of PD98059 on the expression levels of muscle-specific transcription markers, myogenin and MyoD (Isobe et al. 1998 , de la Serna et al. 2001 , Zhu et al. 2007 , as well as the negative regulator of differentiation, Id3 ( (Wu & Lim 2005) . Myogenin and MyoD expression levels were increased, but were not significantly increased in the presence of IGF-I when compared with baseline levels. By contrast, the expression levels of their mRNA were significantly increased in the presence of PD98059 suggesting a link between PD98059, MEK, MRFs and C2 cell differentiation.
Under conditions of differentiation, one would expect a decline in Id3 expression. Indeed, as expected, the expression of Id3 mRNA in DM-treated cells and in the presence of IGF-I was reduced significantly. In contrast to untreated and IGF-I-treated cells, PD-treated cells significantly upregulated the expression levels of Id3 mRNA, which is controversial relative to what has been reported in C2C12 cells (Atherton et al. 1996 , Melnikova & Christy 1996 , Wu & Lim 2005 . Extensive cell differentiation, which was promoted following the administration of PD98059, may ultimately deplete the myoblast pool; therefore cells upregulate the expression of Id3 mRNA as a negative regulatory mechanism to slow down the rate of differentiation.
Indeed, studies by Navarro et al. (2001) have suggested that IGF causes upregulation of Id2; therefore in our model, Id3 may be increased as a consequence of increased IGF-II expression as a mechanism of controlling the rate of differentiation in a feed-forward loop. In addition, utilising the non-differentiating myoblast cell line NFB4, Sarbassov et al. has shown that myogenin and IGF-II are capable of activating each other's expression. Together, these studies suggest crosstalk between IGF system and both positive and negative regulators of differentiation. Given our MRF data, we therefore also wished to assess whether PD98059 influenced the expression of IGF system components in our model (Sarbassov et al. 1995) . In order to provide additional lines of evidence for the proposed role of PD98059 in C2 myoblast differentiation, we examined changes in mRNA expression patterns of IGF-II and its receptor, which are upregulated in C2 cells and other myoblast lines to facilitate their differentiation (Tollefsen et al. 1989 , Rosenthal et al. 1991 , Stewart & Rotwein 1996 . Moreover, IGF-II and its receptor are produced in fusion differentiating skeletal muscle cells, suggesting that IGF-II may be an autocrine differentiation factor for muscle (Tollefsen et al. 1989) . Consistent with the findings described above, the expression levels of IGF-II and IGF-IIR mRNAs were induced in all treatments, including PD98059, which had a profound impact particularly on IGF-II expression. This responsiveness of IGF-II to PD treatment may therefore indeed underpin the increased expression levels of the MRFs. Finally, in agreement with several studies which reported that IGFBP-5 is upregulated during the differentiation of several cell lines including myoblast cell lines (James et al. 1993 , Cobb et al. 2004 , and that IGFBP-5 is upregulated in response to MyoD (Bergstrom et al. 2002) , our real-time PCR data also showed increased expression levels of IGFBP-5 mRNA, which were accompanied by cell differentiation regardless of the cell treatments, importantly, again linking the IGF system to the MRFs. Further studies are, however, needed to confirm this potential link between PD98059, IGF-II and MRFs.
Finally, we investigated the mechanism by which the PD may induce myoblast differentiation and the involvement of p38 MAPK in this process. The phosphorylation levels of p38 protein were significantly increased in PD-treated cells when compared with baseline control levels. These findings support previously proposed contribution of p38 MAPK in cell differentiation (Matsumoto et al. 2000 , Hotokezaka et al. 2002 , Lee et al. 2002 . Additional possible mechanisms may contribute to this novel effect of PD98059 on myoblast differentiation that the PD98059 inhibitor may affect other unknown effector molecules or pathways, culminating in altered IGF-I and MRF expression, which underpin the enhanced differentiation reported.
Taken together, our data suggest that the chemical inhibitor PD98059 could extensively enhance and accelerate myoblast differentiation through the activation of p38 MAPK. These findings uncover an important 'side effect' of PD98059 following a single dose, which was studied for 48 h. The data suggest that PD98059 may function to enhance regulators of differentiation and ultimately myotube production, and thus reveals an important tool for dissecting the precise mechanisms underpinning this process.
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